Abstract: This paper describes a cost effective AC current measurement method that avoids complex AC to DC current measurements by converting an amplified and rectified AC voltage drop across a shunt resistor to a duty cycle of a PWM signal. The current measurement chain output is fed into a microcontroller unit (MCU) and into a short circuit protection block that inhibits AC load drivers in case of overcurrent or short circuit events, overriding the state set by the MCU control algorithm. The authors present a mathematical model, simulations and a practical evaluation of customdeveloped circuits that are capable to reach a convincing level of measurement precision. By counting a given number of consecutive AC periods, the effect of inrush current generated by inductive AC loads is filtered. The proposed solution allows inrush currents up to 3A, fitting the consumption range of AC control elements met in household application circuits, such as relays or solenoid valves.
Introduction
While being in permanent control of our home is an option, being safe is not -it is of the greatest importance to have close monitoring and quick acting protection in devices that can pose a possible threat to our safety. Monitoring for short-circuits, overloads, and quickly rising temperatures in MCU controlled household applications that control AC driven loads is a good starting point in fire prevention. This paper describes a practical example of a protection loop that is based on AC current measurement implemented as an extension of a System in Package (SiP) architecture that is missing dedicated analog peripherals. The flexibility of the system is increased by adding AC analog measurement and signal conditioning circuit blocks capable to convert analogue signals to digital in a very cost effective way. Fig.1 shows a protection circuit built around three important blocks: the current measurement block, the AC peak detector block and the fault monitor circuit, a temperature monitoring sensor is also included. There are two main tasks of the current measurement circuit: detecting a short circuit event through the AC current driver circuit, and generating a PWM signal with a duty cycle proportional to the measured current. The AC peak detector circuit prevents power fault events in case of an unwanted, long-term overload condition through the AC current drivers, all this by monitoring the voltage drop across a Polymer PTC(Positive Temperature Coefficient) fuse in series with the driver circuit and load. The fault monitor circuit collects signals about short circuit events, under-voltage on the main power line and over-temperature in a specific PCB area, and generates Interrupt Request (IRQ) signals for the MCU. The fault monitor circuit behavior is controlled by the MCU having options to enable or inhibit certain functions.
The overall consumption of the sensing, control and load circuit is measured through the RS shunt resistor. Since the circuit itself is powered through a half wave rectifier the consumption is bigger during the positive half period.
Current measurement method
Current measurement techniques can be classified based [9] [10] on the current type (AC or DC) to be measured, the current range, accuracy, temperature drift, isolation, and cost. The sensing element can be a Rogowski coil, a current transformer, Hall-effect sensor, fluxgate sensor, magnetoresistive sensor or a shunt resistor. Based on these classifications, the shunt resistor was chosen as sensing element because of high accuracy, low temperature drift and low cost. The measurement chain is not isolated, allowing low cost implementation.
The proposed current measurement model consists of four main elements, the most important block being the rectifier that converts AC to DC voltagesthese will be processed by the next blocks that run on DC inputs only. In order to reduce dissipation on the shunt resistor a low value has been chosen, so the AC voltages are well below the forward voltage of a Schottky diode, standard bridge rectifiers are unusable. To counteract this weakness, a precision rectifier [1] [2] [3] [4] [5] has been introduced, which can accurately rectify the low AC signals formed across the sensing element.
Once the rectified signal is obtained, it is fed into two comparator stages biased to trip at different levels of the input signal. The comparator outputs are routed to interrupt-capable pins of an MCU [6] , the duty cycle in each period is measured and used to draw conclusions about the current consumption at any given moment.
Knowing that some loads tend to draw higher currents during start-up, a hardware filtering circuit was added to the short-circuit detection block to prevent false triggers during such events.
The current measurement principle is shown in Fig.3 in a time domain representation. The AC waveform collected from the shunt poles is rectified by a precision rectifier and the resulting signal is applied to a comparator with a precise reference value. The comparator triggers when the output of the amplifier stage VAMP is equal with the reference value VREF. Presuming, that the measured waveform is close to sinusoidal, the following statement can be made:
In (1) T is the period of the signal, 20ms (50Hz) or 16,67ms (60Hz); tLOW is the time, measured by the MCU, during which the rectified signal is higher than 
The voltage reference VREF is set by a resistive voltage divider powered from +3.3Vpower supply VSUP. The resistor values, voltage levels and net names are detailed in Fig. 4 .
The value of VMAX can be obtained using eq. (1), (2), (3) and (4).
The gains of the measurement chain can be expressed as: 
The comparator triggers when the output of the amplifier stage vAMP is equal to the reference value VREF. From the measurement chain shown in Fig. 3 . and using eq. (6), (7), (8) , the peak value of the input current IIN can be expressed as
The Duty cycle value represents the ratio between the processed input signal (when higher than trigger level) and half period of main frequency, and can be expressed based on Fig.3 .as:
The RMS value of the measured current can be expressed in relation to the Duty cycle value by rearranging and using eq. (1), (9) and (10) 
B. Short circuit protection
The protection circuit's main purpose is to protect avoid system damage by protecting the control elements and avoiding MCU reset in case of overloads or massive short circuits on AC driver circuit outputs, which could short the transformer output, thus leaving the unit unpowered during this fault. Its reaction time is calculated against the energy stored in the input capacitors of the half wave rectifier used for powering the system. The current measurement chain output is fed into the input of a comparator circuit. The output of the comparator triggers a filter circuit formed by monostable and passive RC stages (Fig. 4.) . Knowing that some loads -especially inductive ones such as solenoids -tend to draw higher currents (inrush) during start-up [8] , the hardware filtering circuit was added to the short-circuit detection block to prevent false triggering during such events. The circuit output has direct control over the AC driver circuits and can immediately inhibit any of these, regardless of setting made by the MCU control algorithm. 
Simulation and measurement results
A simulation model was built and is shown in Fig.4 , the details of the measurement chain presented above are easily recognizable. Multiple comparator blocks are used, one for low and near-nominal current measurements, and one for high current measurements. The low pass filter (R14-C1) is responsible for high frequency noise filtering, having its corner frequency set much higher than the processed signal (50-60Hz) thus not affecting the measurements. The Monte Carlo [7] simulation shown in Fig.5 ., depending on the tolerance of the C2 capacitor used in the short circuit filtering stage, presents the results of the simulation model from Fig.4 ., where the output of the comparator U3A is filtered and the output of U5A becomes active after 6-7 cycles of the main frequency. The resulting digital signal (SC_filtered) is the short circuit protection trigger that is fed into one of the MCU's digital input pin.
The in-circuit measurements of a short circuit event are presented in Fig.6 , where CH1 is the input current waveform IIN on 1A/V scale, CH2 is the rectified and amplified waveform VAMP, CH3 is the comparator output PWM_SC and CH4 is the delayed short circuit event SC_filtered.
The current measurement results in case of idle state and in presence of AC load are presented in Fig.7 .a and Fig.7 .b respectively, where CH1 is the input current waveform IIN on 1A/V scale, CH2 is the waveform of the rectified and amplified VAMP voltage, CH3 is the comparator output PWM_LOAD. Since the measurement chain is powered through a half wave rectifier, in Fig.7 .b it is easy to observe that the measurement and control circuit's consumption adds to the connected AC load's consumption. As a result the measured Duty cycle value is different for positive and negative half period of the input waveform. Beside the deviation of the resulting signal from an ideal sinusoidal waveform (Fig. 7. b. -CH1), this distortion factor also affects the measurement precision in case of smaller load currents.
The measured values, using different types of loads (resistive and inductive), compared with simulation results (eq. 11) are shown in Fig.8.a and Fig.8 .b.The RMS current is calculated based on measured Duty values, which is measured by the MCU. 
Conclusion
After the current measurement technique has been mathematically deduced and verified, and the proposed circuit has been simulated in PSPICE, the simulation results were validated by real circuit measurements. The simulated data has been compared to real measurements using resistive (Fig.8.a) and inductive ( Fig.8.b) loads.
The differences between simulated and measured results are determined as follows:
 The real input current IinRMS waveform is not pure sinusoidal, mostly because the measured waveform contains the measurement system's self-consumption during the positive half period of the main input waveform (the oversized distortion can be observed in Fig. 7b in every positive half period.).  The measurements are performed during the entire period of the input waveform, averaging the load current as a sum of the system self consumption and load.  Real circuit component tolerances  Measurement errors Regardless of these inconveniences the method can be easily applied in applications where cost effective AC current measurement solution is needed, without adding extra A/D circuits. This results in even more reduced CPU, MCU or SiP cost for digital signal processing purposes. The results are convincing but they can be further improved if the current measurement is processed separately during positive and negative half periods. 
